Minireviews provides an opportunity to summarize existing knowledge of selected ecological areas, with special emphasis on current topics where rapid and significant advances are occurring. Reviews should be concise and not too wide-ranging. All key references should be cited. A summary is required.
Feeding inside leaves by "leaf-mining" insects has been viewed as an adaptive innovation for consuming foliage. The leaf mine presumably provides its occupant shelter from the detrimental effects of the physical environment, protection from attack by natural enemies, and potentially a means of avoiding plant defenses concentrated in particular layers of leaf tissue. We examine several hypotheses concerning the adaptive significance of leaf mining using both the published literature and experiments. We also examine the notion that leaf mining is an innovation that has led to an adaptive radiation by examining the phylogeny and species richness of leaf-mining lineages and their sister groups. Both advantages and disadvantages accrue to insects that feed inside leaf mines in comparison to external-feeding folivores. The advantages of feeding within a leaf mine include: a lower incidence of disease infection, a microenvironment with lower evaporative demand and therefore protection from desiccation, protection from the direct and indirect effects of UV radiation by the leaf-mine epidermis, and avoidance of plant defenses resulting in higher feeding efficiencies. The disadvantages of feeding inside a leaf mine include: lower mobility resulting in higher mortality from parasites, higher mortality associated with premature leaf-abscission, and smaller average body size and lower fecundity. Leaf mining is certainly a viable means of feeding upon foliage, and in particular instances it might be the most successful means of feeding on leaves. However, the lower species richness of leaf-mining lineages in comparison to their external-feeding sister groups indicates that the evolution of leaf mining does not represent an innovation that has led to an adaptive radiation. Perhaps the evolution of leaf-feeding per se and the evolution of the ability to feed externally on leaves rather than concealed feeding modes such and mining and galling represent innovations that have resulted in adaptive radiations in the Insecta.
lead to the proliferation of undifferentiated plant tis-to feeding externally on foliage. We also examine the sues which are fed upon by larvae. Rather, leaf miners phylogeny and compare the species richness of leafconsume previously developed leaf tissue. While some mining taxa and their sister groups, using the method leaf miners have the ability to slow the rate of necrosis of multiple sister-group comparisons outlined by Mitter in plant tissues surrounding the leaf mine (the cavity in et al. (1988) , Farrell et al. (1991) and Wiegmann et al. the leaf created by the feeding of leaf-mining larvae) (1993) to determine if leaf mining could be considered (Engelbrecht et al. 1969) there is no other evidence that an innovation that has led to diversification and adapleaf-mining insects can manipulate their food supply as tive radiation. do gall-forming insects.
In all leaf-mining taxa, only larvae feed within leaf mines. However, in many taxa adults and pupae can sometimes be found inside leaf mines because pupation The adaptive significance of the leaf-mining occurs within the leaf mine and the adult must either habit break through or chew a hole through the epidermis of the leaf to emerge. The duration of leaf mining can be Escape from natural enemies as short as a single instar in some taxa or as long as the The hypothesis that the leaf mine might protect its entire larval and pupa1 period. While many species are occupant from attack is part of the broader notion that restricted to the natal leaf mine, some can quit individ-concealed feeding strategies such as leaf mining, leaf ual leaf mines and initiate new mines on the same or galling, leaf rolling, leaf tying, and web spinning serve another leaf.
as defenses against natural enemies (Needham et al. Numerous authors have speculated, but few provide 1928 , Hering 1951 , Cornell 1983 , Heads and Lawton evidence that characteristics of the leaf mine could 1985, Price et al. 1987 , Price and Pschorn-Walcher render it an adaptive innovation when viewed in com-1988 ). An alternative hypothesis proposed by Cornell parison to larvae feeding externally on foliage (Need-(1989) is that endophagous insects might be more susham et al. 1928 , Hering 1951 , Feeny 1970 , Southwood ceptible to pathogens because the humid internal leaf 1973, Mattson et al. 1988 , Cornell 1989 , Hespenheide environment would be conducive to persistence of 1991). While feeding within a leaf, leaf-mining larvae pathogens. However, evidence that leaf miners suffer may be: 1) protected from attack by natural enemies more or less from natural enemies in comparison to (e.g., predators, parasites, and pathogens), 2) buffered external-feeding folivores is sparse. Four kinds of evifrom variation in the physical environment (e.g., hy-dence can be adduced to address this question: 1) data grothermal balance, ultra-violet radiation, or dislodg-on the species richness of the pardsitoid communities ment by rain and wind), and 3) able to avoid plant associated with mining versus external-feeding insects, defenses occurring in tissue layers not encountered 2) data on the success of biological control programs while feeding (e.g., structural or chemical). Any or all for leaf-mining versus external-feeding insects, 3) reof these characteristics could result in an individual ports in the literature on the incidence of attack by selective advantage for leaf-mining insects in compari-predators, parasites, and pathogens on leaf-mining and son to external-feeding insects via higher survival rates external-feeding folivores, and 4) comparisons of life or higher fecundity. In addition, because of the poten-tables of leaf-mining and external-feeding folivores. tially higher abundance or greater persistence of species resulting from any selective advantage conferred by leaf 1. Parasitoid species richness mining, lineages possessing leaf-mining larvae may have In comparisons of the species richness of insect parahad greater opportunity to encounter new resources, sitoid communities associated with insect hosts in difhost plants, and habitats and consequently may have ferent feeding guilds (e.g., leaf mining, gall forming, experienced an "adaptive radiation". We define adap-stem boring, external feeding, etc.), leaf-mining insects tive radiation as greater diversification in lineages posrank as having the most species of parasitoids per host sessing a new or innovative trait in comparison to closely related taxa lacking this trait (Mitter et al. 1988 , Wiegmann et al. 1993 .
Does the trait -possessing larvae that feed as leaf miners for all or part of the larva1 period -confer some ecological advantage relative to taxa whose larvae feed externally on foliage? If so, what is the adaptive significance of leaf mining, and has this advantage resulted in more rapid diversification or an "adaptive radiation" in of any feeding guild (Askew 1980 , Hawkins and Lawton 1987 , Hawkins 1988 , Pschorn-Walcher and Altenhofer 1989 , Hawkins 1990 , 1994 , Hawkins et al. 1992 ) a fact that would appear to be inconsistent with the hypothesis that the leaf mine serves as a defense against parasitism. However, Pschorn-Walcher and Altenhofer (1989) report that the taxonomic composition of the parasitoid community attacking leaf-mining sawflies (Hymenoptera: Tenthredinidae) is radically difleaf-mining taxa? We report experiments and an analy-ferent from that attacking external-feeding sawflies. sis of the published literature in an effort to determine Leaf-mining sawflies have lost many species of Ichneuif leaf mining confers any potential advantage relative monidae and Braconidae parasitic on their external feeding ancestors, but have recruited many species of Chacidoidea, particularly Eulophidae, that also parasitize leaf-mining Lepidoptera. Perhaps the initial escape from parasitism associated with the acquisition of the leaf-mining habit was sufficient impetus to selectively reinforce the tendency to feed by mining (PschornWalcher and Altenhofer 1989).
Biological control of leaf-mining and external-feeding insects
The success rates of biological control programs based on the release of parasitoids are higher for leaf-mining than for external-feeding insects (Gross 1991 , Hawkins and Gross 1992 , Hawkins 1993 , 1994 . Hawkins and Gross (1992) interpret this pattern to indicate that leaf miners are more susceptible to parasitism and are more likely to suffer population limitation by parasitoids than external-feeding insects. However, these data represent the release of exotic parasitoids to control their associated exotic pests, so they may not accurately estimate the impact of parasitoids on native insects.
Incidence of attack by pathogens, predators, and parasites
We conducted a survey of the published literature to determine if the incidence of attack by natural enemies (e.g., parasites, predators, and pathogens) is similar among leaf-mining and external-feeding folivores. The survey consisted of examining and classifying every paper concerning foliage eating insects, in the orders that have leaf-mining taxa, published during the years 1981-1991 in 11 journals. We restricted our survey to orders with leaf-mining taxa to remove any potential confounding effects of phylogeny on our comparison of rates of natural enemy attack on leaf miners and external feeders. The insects examined in each paper were classified by feeding guild into leaf miners, gall formers, and external feeders. Each paper reporting evidence that the insect(s) examined were attacked by diseases (e.g., fungal, viral, bacterial, protozoan and nematode infections), parasites (e.g., insect parasitoids), and predators (e.g., insects, arachnids, or vertebrates) was counted, as were the papers that reported no evidence of natural enemy attack. Most papers reporting no evidence of attack by natural enemies simply did not address that subject. However, in order to normalize the incidence of natural enemy attack for differences in research effort among feeding guilds, we express incidence as the number of papers reporting attack by a particular group of natural enemies on a guild divided by the total number of papers published on that guild. Estimates of incidence normalized for the number of species encountered in each guild were calculated as the number of species in a guild reported in at least one paper to be attacked by a particular group of natural enemies divided by the total number of species encountered in a guild. These data should not be interpreted as Based on the literature survey described above, it appears that the incidence of disease among leaf-mining and gall-forming insects is considerably less than that for external-feeding folivores (Table 1) . Of the 303 papers on leaf-mining insects encountered in the survey, only 2.6% reported disease while for external-feeding folivores 22.0% of the 2537 papers report disease. A similarly large discrepancy is observed if the incidence of disease is reported as a percentage of species. It is unlikely that the absence of reports of disease among leaf miners is simply because no one has looked, even though such a concealed feeding habit might appear a priori to be inimical to the commonly observed per O S mechanism of infection (by ingestion) for insect pathogens. Leaf miners in the genera Liriomyza, Agromyza (Diptera: Agromyzidae), and Phyllonorycter (Lepidoptera: Gracillariidae) are major pests of agricultural measures of what fraction of species in each guild actually experience mortality from pathogens, predators, or parasitoids. This survey merely chronicles how commonly different classes of natural enemies are reported in the literature to affect each feeding guild. We contend that this provides an indication, albeit a very indirect one, of the impact of these categories of natural enemies on insects in each feeding guild. To some unknown extent, these data reflect the interests of researchers, but such a criticism could be lodged against the data compiled from any literature survey.
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and orchard crops and comprise a significant portion of the literature on leaf-mining insects. If these leaf miners had pathogens, it is likely that they would have been detected and developed for biological control purposes. Several papers mention the possibility that some portion of the larval mortality that is usually attributed to "other causes", which can represent a substantial proportion for leaf-mining insects (Auerbach et al. 1995) , may have been caused by disease (Faeth 1985 , Faeth and Bultman 1986 , Auerbach 1991 . However, none of these authors have provided evidence to confirm the presence of entomopathogenic organisms in the leaf miners they study. Since most disease organisms that infect phytophagous insects are transmitted by contact and eventual ingestion, we hypothesize that the leaf mine shields larvae from contact with pathogens reducing the probability of infection and the rate of disease transmission. Therefore, those leaf-mining taxa that are concealed within a single leaf mine for the entire larval and pupal phases would be least likely to suffer disease infections, while those taxa that move among multiple leaf mines or pupate outside the leaf mine should be more susceptible to disease.
Closer examination of the papers that do report disease among leaf-mining insects supports this hypothesis. First, in a broad survey of all the literature on leaf-mining insects, we could only find reference to disease in seven species of leaf miners: the potato moth, Phthorimaea operculella (Lepidoptera: Gelechiidae), the cotton leafperforator, Bucculatrix thurberiella (Lepidoptera: Bucculatricidae), the coffee leaf miner, Perileucoptera coffeella (Lepidoptera: Lyonetiidae), the spruce needleminer, Epinotia tedella (Lepidoptera: Tortricidae), the fir needleminer, Epinotia fraternana (Lepidoptera: Tortricidae), t h e cocoanut l e a f m i n e r , Promecotheca papuana (Coleoptera: Chrysomelidae), and the celery leafminer, Liriomyza trifolii (Diptera: Agromyzidae). Furthermore, only four of these seven species have indigenous associated pathogens. The pathogens reported to infect the cotton leafperforator, the coffee leaf miner, and the celery leafminer were isolated from other external feeding insect species and tested for cross-infectivity against these leaf miners. Of these species of leaf miners, P. papuana passes the entire larval and pupal phases in a single leaf mine, but the fungus that infects P. papuana, Synnematium jonesii, has only been reported to infect adults (Prior and Perry 1980) . For the celery leaf miner, attempts have been made to apply entomopathogenic nematodes isolated and reared from other insect species to reduce infestation levels on chrysanthemum in greenhouses (Harris et al. 1990 , Hara et al. 1993 , Le Beck et al. 1993 . However, infection only occurs when infectious stage nematodes enter the leaf mine via the oviposition scar, or via tears in the leaf mine. For the remaining species, infection occurs either prior to initiating the leaf mine or after the larva departs the leaf mine. For the coffee leaf miner, a fungal pathogen applied to leaves can contaminate eggs so that upon hatching larvae ingest fungal spores when chewing through the egg chorion and leaf surface to initiate a mine (Villacorta 1983) . For the cotton leafperforator, application of Bacillus thuringiensis or the nuclear polyhedrosis virus of the external feeding Autographa californica leads to infection, but only in 4th and 5th instar larvae and pupae. The cotton leafperforator quits the leaf mine and feeds externally beginning in the 4th instar (Bell and Romine 1982) . Both the spruce and the fir needleminer are affected by indigenous pathogens, but do not develop their pathogenic infections until completing the mining phase and leaving the leaf mine to seek pupation sites (Munster-Swendsen 1989 . Infection of larvae of the potato moth with its granulosis virus occurs via ingestion upon hatching from the egg which is laid in the soil, during movement between the soil and leaves and among leaves, and possibly while in the mine (Reed 1971) . Larvae can move from leaf to leaf initiating new mines, and larvae also can feed on pairs of leaves webbed together and on tubers, thus encountering additional opportunities to contact virus particles in the environment. Based on experiments where leaves were sprayed with virus in water, Reed (1971) suggests that virus particles may enter the leaf mine via the stomata and infect larvae while in the mine. However, the entry of pathogens into the leaf mine via the stomata is highly unlikely since neither the moisture gradient, stomata1 diameters, nor the surface tension of water would permit entry of water via the stomata by diffusion, capillarity, or droplet impact. The direction of water movement from the stomata is from the plant to the environment, so transport of pathogens into the leaf mine via the stomata is physically improbable.
It is possible that leaf miners suffer mortality or reductions in fecundity because of toxins produced by endophytic fungi (Carroll 1988 , Clay 1988 . Mortality caused by endophytic fungi has been reported for some gall-forming insects (Lasota et al. 1983 , Taper et al. 1986 , Taper and Case 1987 , Sitch et al. 1988 , Butin 1992 , Fernandes and Price 1992 , Wilson and Carroll 1994 , Wilson 1995 ; however, reports for leaf-mining insects are limited. Since endophytic fungi invade the epidermal cells of plants directly or are transmitted from plant to plant via the seed, leaf mining or gall forming may offer no escape from the antibiotic effects of endophytic fungi. However, in studies on the effects of endophytic fungi on the leaf-mining moth, Phyllonorycter sp., on Quercus grisea, Q. gambelii, and their hybrids, Gaylord et al. (1996) report a diverse community of endophytic fungi, but a predominance of positive associations between Phyllonorycter abundance and endophyte frequency. Furthermore, Preszler et al. (1996) show that survival of Phyllonorycter larvae is higher in the presence of the fungal endophyte Gnomia OIKOS 79:l (1997) cerastis possibly because Gnomia cerastis is negatively associated with parasitism by insect parasitoids. Via examination of natural and experimentally manipulated populations, Faeth and Hammon (1997a, b) show that the endophytes of Quercus emoryi are positively associated with the abundance of a species of leaf-mining moth in the genus Cameraria. They also contend that the leaf mine affects the endophytes by increasing the susceptibility of the leaf to endophyte colonization, but that the endophyte does not alter foliage chemistry and has no effect on the survival of Cameraria (Faeth and Hammon 1997b, c) .These studies show that leaf-mining insects may be less likely to be adversely affected by fungal endophytes than are gall-forming and externalfeeding insects.
The incidence of reports of parasitism and predation among leaf-mining and leaf-galling insects is equal to or greater than among external-feeding folivores (Table 1) . For parasitism, 40.3% of papers on leaf miners report attack while for external-feeding folivores only 18.8% report attack. For predation, 9.6% of papers on leaf miners report attack while for external-feeding folivores only 6.4% report attack. Even when expressed as a percentage of species, reports of parasitism and predation of leaf-mining and leaf-galling insects are still more common than for external-feeding insects (Table 1) . The higher incidence of reports of parasitism and predation on leaf miners could reflect differences in the detectability of parasitism and predation between guilds, rather than actual differences in attack rates. Evidence of parasitism and predation in the form of emergence holes or tears is often obvious on the sedentary, persistent leaf mine, but may be harder to locate for mobile external-feeding insects. However, the identity of the parasite or predator attacking an externalfeeding insect is usually reported, while for leaf-mining insects it is often unknown. This suggests more research effort has been allocated to detecting parasites and predators of external-feeding insects which might offset any differences in their detectability between guilds. In any event, estimates of the incidence of reports of attack by diseases, parasites, and predators in the literature are very indirect measures of the impact of natural enemies, the evidence presented here is inconsistent with the hypothesis that the leaf mine serves to protect its occupant from attack by parasites and predators, but consistent with the hypothesis that the leaf mine serves to protect its occupant from pathogens.
Life table comparisons of leaf-mining and external-feeding folivores
Data on the rates of mortality caused by natural enemies of leaf miners in comparison to external feeders or other guilds are very limited. In a comparison of life tables of leaf miners and gall formers, Cornell (1990) concluded that overall rates of mortality were equal. However, he did not report the contribution of natural enemies. Hawkins (1993 Hawkins ( , 1994 reports the maximum observed rates of parasitism for a number of leaf-mining and external-feeding insect species, and concludes that leaf miners suffer greater rates of parasitism than external feeders. This result is inconsistent with the hypothesis that the leaf mine protects its occupant from parasitism, but the data are based on the maximum observed rates of parasitism and therefore may be sensitive to outliers. Cornell and Hawkins (1995) examined survival distributions and sources of mortality for several different feeding guilds and concluded that external-feeding insects suffer greater mortality from natural enemies than do internal-feeding insects. This pattern is consistent with the hypothesis that the leaf mine is an effective defense against natural enemies. However, Cornell and Hawkins (1995) combined all endophagous guilds including mining, galling, stemboring, fruit-feeding, and bark-or trunk-feeding insects. Therefore, it is impossible to tell from their analysis if leaf miners suffer less mortality from natural enemies than do external-feeding folivores.
We examined published estimates of the impact of pathogens, parasites and predators on folivorous insects in different feeding guilds using the literature from the survey conducted by Cornell and Hawkins (1995) . By using Cornell and Hawkins' (1995) survey, we remove any bias in the selection of studies on our part. However, the sample of studies will still reflect any potential unconscious bias on Cornell and Hawkins' (1995) part. Cornell and Hawkins (1995) report 86 studies of 84 species of insects that are either: 1) external feeders, 2) leaf tiers, leaf rollers, or web spinners, 3) mixed feeders (e.g., feeding in buds in early instars and externally on leaves in late instars), or 4) leaf miners. For 47 of these 86 studies, quantitative estimates for the effects of various mortality agents are reported in multiple decrement life tables in the literature cited by Cornell and Hawkins (1995) . These 47 studies include two species of external-feeding folivores for which estimates of mortality were published by two different authors. We include these as separate estimates because their removal or inclusion has no effect on the outcome of the analyses. From these life tables we calculated the impacts of pathogens, parasitoids and predators on juvenile (larval + pupal) and on larval mortality for parasitism and predation only. Most studies included life tables for multiple generations (mean (*se) = 5.87 k 0.73). For studies that did not report the average proportion of mortality caused by pathogens, parasites, and predators per generation, we calculated weighted averages, weighting by the number in each cohort.
To test the hypothesis that juvenile and larval mortality caused by pathogens, parasites, and predators is independent of guild membership, we performed an analysis of variance on the angularly transformed proportions of mortality and their sum. We detected sig- , and predators (C) on juvenile and larval stages of folivorous insects in four feeding guilds. Sample sizes for each guild are: leaf miners (n = 15), mixed feeders (n = 5), leaf rollers (n = 9), external feeders (n = 18). Narrow vertical bars depict one standard error.
nificant differences between guilds in juvenile mortality However, when the mortality caused by pathogens, caused by pathogens (Fi.43 = 2.99, p = 0.0413), in juve-parasites, and predators are combined no differences nile parasitism (F3.4, = 2.85, p = 0.0489), and in larval were detected among guilds (juvenile mortality: F+,, = parasitism (F 3,43 = 44, p = 0.025) with the leaf-mining 0.343, p = 0.794, larval mortality [parasitism and predaguild having the lowest rate of disease induced mortal-tion only]: F3,43 = 1.78, p = 0.165). These results ity (none) and the highest rates of parasitism (Fig. 1) . indicate that leaf-mining insects are subjected to overall While there were no statistically significant differences rates of mortality from natural enemies similar to in predation on juveniles or larvae among guilds those experienced by external feeders. However, leaf (Fi.41 = 1.38, p = 0.262, F3.43 = 2.02, p = 0.126, respec-miners tend to suffer higher rates of parasitism and tively), predation rates tended to be higher among lower rates of predation and disease than external external feeders than among leaf miners (Fig. 1) . feeders ( Fig. 1) .
Buffering from the physical environment
The leaf mine could also serve to protect its occupant from the physical environment. Such protection could arise in several ways: 1) by providing a microenvironment where evaporative demand is low so that hygrothermal balance is readily maintained, 2) by filtering UV radiation thus protecting the larvae from its direct toxicogenic and mutagenic effects or by preventing UV stimulated photochemical reactions which alter the nutritional quality of the foliage, and 3) by preventing dislodgment caused by rain and wind and the ensuing risk of predation while attempting to relocate host plant foliage.
Maintenance of hygrothermal balance
The leaf mine has been suggested to provide a humid environment in which the risk of larval death due to desiccation is low in comparison to external-feeding folivores (Southwood 1973 , Strong et al. 1984 , Gaston et al. 1992 ). However, we found no evidence in the literature that the leaf mine protects its occupant from desiccation. In an examination of the distribution of gall-forming insects along environmental gradients, Price (1988, 1992) observe that the species richness and survival rates of gall formers is highest in arid environments. They further suggest that the protection provided by the gall against desiccation and the effects of endophytic fungi may be the primary selective advantage allowing gall formers to occupy arid environments. A similar study of the pattern of species richness and survival rates of leaf miners along an aridity gradient has not yet been conducted. To determine if the leaf mine provides a sheltered microenvironment which prevents desiccation leading to improved larval performance, we attempted to: 1) compare internal leaf-mine to external leaf-surface temperatures, and 2) compare the growth and survival of leaf-mining larvae in intact leaf mines and in leaf mines where the protected microenvironment was broached. We used Cameraria hamadryadella (Lepidoptera: Gracillariidae) a leaf miner that attacks Quercus alba and Q. macrocarpa as our test species. C. hamadryadella is a bivoltine, outbreak species that forms blotch mines during the summer that are located just under the upper epidermis of the leaf (see Hinckley 1972 , Connor 1991 , Connor and Beck 1993 , Connor et al. 1994 for details of its life history and population dynamics).
To determine if the thermal environment of leaf mines might reduce desiccation, we used a dual probe thermometer (YSI Model 2100) to measure internal leaf-mine and leaf-surface temperatures. Measurements were taken at thermal noon (three hours past solar noon) and at midnight. The results indicate that internal leaf-mine temperatures are more than l.O"C lower than external leaf-surface temperatures (Fig. 2 , day t = -8.50, df = 19, p < 0.001; night t = -4.09, df = 9, 12 p < 0.003). This result suggests that for C. hamadryadella, the leaf mine provides an environment buffered from the more extreme temperatures on the external leaf surface, and with reduced evaporative demand and possibly a lower chance of larval desiccation. For other species that feed during the autumn or winter, the leaf mine might also provide a warmer environment by producing a "greenhouse effect", thus permitting these species to be more active. However, no evidence is yet available to support this hypothesis.
To determine if the leaf mine microenvironment leads to higher growth and survival rates of larvae by preventing desiccation, we compared the mass gained and survival of leaf-mining larvae in intact mines and in experimentally opened mines, presumably in equilibrium with the external environment. The experimental protocol involved locating early instar first or second generation mines on several individual Q. macrocarpa trees and protecting them from natural enemy attack by placing mesh bags over leaves with individual mines. When mines were approximately 20 mm 2 in area they were assigned at random to one of four experimental treatments. The treatments consisted of either making an incision at least 1 cm in length or not, and for each of these groups applying beeswax to half of the mines to either re-seal the leaf mine or control for a "beeswax effect". Ten replicates of each treatment were established on each of three trees. The incision was made to allow the microenvironment of the leaf mine to come into equilibrium with the external environment, thus removing any differences between the internal and external environment and any benefit derived by the larva from the internal microenvironment. In the second generation experiments, the beeswax treatments were not applied, so that 40 repli- cates of the un-manipulated control and 20 replicates of the incision treatment were applied on each of three trees. In the second generation experiments, leaves were allowed to abscise naturally and overwintered on the forest floor. Examination of the data on survival for each generation separately via logistic regression indicated that treatment had no effect on the probability of survival ( Fig. 3 ; first generation, change in deviance x2 = 5.92, df = 3, p > 0.11; second generation, change in deviance x2 = 1.68, df = 1, p > 0.19). Examination of the data on fresh mass of pupae and dry mass of adults reveals no differences between treatments in either generation (Fig. 3 , ANOVA: F3,86 = 2.23, p > 0.05 for first generation pupal mass, F3,38 = 0.72, p > 0.5 for first generation adult mass, and F1,58 = 0.001, p > 0.9 for second generation pupal mass). Since second generation larvae overwinter in the leaf mine, these data also argue that the leaf mine does not function to protect overwintering larvae from desiccation. These experiments sug-OIKOS 79:l (1997)
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gest that for Cameraria hamadryadella, the effect of the microenvironment of the leaf mine on maintenance of hygrothermal balance does not lead to improved growth and survival. However, the experiments we performed may not have completely removed the favorable microenvironment of the leaf mine. This is because the leaf-mine epidermis would continue to shield the larva from air movement hence decreasing the evaporative demand experienced by the larva (Willmer 1982) . Perhaps experiments in which the performance of external-feeding larvae protected from wind-induced evaporation is compared to that of unprotected larvae would provide a stronger test of the role of the leaf mine in maintenance of hygrothermal balance.
UV radiation
The leaf mine could also offer protection to its occupant from the direct effects of UV radiation (Berenbaum 1978 , Dowd 1993 or by preventing UV stimulated photochemical reactions which might alter the nutritional quality of the foliage reducing growth, survival, or reproduction (Berenbaum 1978 . Caldwell et al. 1989 , Larson et al. 1990 , Trumble et al. 1991 , Yazawa et al. 1992 , Diawara et al. 1993 , McCloud and Berenbaum 1994 . Protection from UV radiation might be particularly important for leaf miners that feed on the upper leaf surface since, unlike other foliage eating insects, they cannot seek shelter on the lower leaf surface during the day and feed on the upper leaf surface at night.
To determine if the leaf mine might protect its occupant from UV radiation, we collected leaf mines of four different species, excised the upper leaf epidermis (which constitutes the roof of the leaf mine), and measured its ability to absorb UV radiation using a UV spectroz photometer. We used two species of lepidopterdn (Cameraria hamadryadella and Tischeria quercitella) and one coleopteran leaf miner (Baliosus neruosus) that mine the leaves of Quercus alba, and one species of lepidopteran leaf miner (Parectopa robiniella ) that mines the leaflets of Robinia pseudoacacia. Each species of leaf miner produces a blotch mine under the epidermis on the upper leaf surface. Each sample was individually mounted on paper blanks (15 x 75 mm) over an opening that allowed 100% transmission of the UV light. A cuvette holder was fabricated to hold the leaf-mine samples, and the absorbance of each sample was determined for wavelengths between 280-400 nm at increments of 20 nm (the UV-B and UV-A ranges) using a Hitachi Model 100-40 UVVisible spectrophotometer. The results indicate that at all wavelengths, greater than 95% of the UV radiation is absorbed by the leaf-mine epidermis for all species (Fig.  4) . This suggests that the leaf mine may protect larvae from the direct effects of UV radiation, and to the extent that the tissue layers consumed are insulated from the photochemical effects of UV, may also protect leafmining larvae from the indirect effects of UV radiation.
The extent to which the leaf mine protects other leaf-mining species from UV radiation is not known. However, there is considerable variation in the opacity of the leaf mine surface to the penetration of visible light among leaf-mining species, and hence the possibility for similar variation in the penetration of UV light. For example, the leaf mines of C. hamadryadella are translucent and it is usually possible to see the larvae within the leaf mine even without back-lighting the leaf. On the other hand, the mines of Baliosus nervosus and other coleopteran leaf miners on Quercus are opaque and it is difficult to view the larvae in the mine even while back-lighting the leaf. A broader survey of the ability of the leaf mine to absorb UV radiation and clever manipulations of UV radiation will be necessary to determine the overall importance of the leaf mine in protecting its occupant from the harmful effects of UV radiation.
3. Secure attachment Small, external feeding larvae may be at risk of being dislodged from their host plant by rain or wind, and if dislodged suffer high mortality while attempting to relocate a suitable host plant (Southwood 1973) . Most leaf-mining larvae are restricted to a single leaf mine and are securely attached to their host plant as long as the leaf containing the leaf mine remains attached. Therefore, the leaf-mining habit could result in lower mortality rates for leaf miners because of dislodgment in comparison to similar-sized, external-feeding folivores. However, instances in which dislodgment has been reported as a source of mortality for external-feeding insects are limited, and few studies provide quantitative estimates of the mortality caused by dislodgment (Dixon 1970 , Dixon and McKay 1970 , Miskimen 1970 , Shade et al. 1970 , Dempster 1971 nes 1972, Singh et al. 1974 , Gross et al. 1976 , Wanatabe 1976 , Maelzer 1977 , Hayes 1981 , Raupp and Denno 1983 , Feeny et al. 1985 , Moran et al. 1987 ). This may arise in part because losses of mobile, early instar, external-feeding larvae from dislodgment are treated either as death due to other causes, dispersal, or disappearance. Therefore, it is difficult to compare the impact of dislodgment for external-feeding larvae to mortality due to leaf abscission for leaf miners. In any event, early leaf abscission usually results in the death of any leaf-mining larvae contained within the leaf, and can result in substantial rates of mortality (Faeth et al. 1981a ; see Stiling and Simberloff 1989 for review of data on effects of leaf abscission on leaf-mining insects). Numerous studies on a variety of species including Diptera, Lepidoptera, and Coleoptera all show that leaf miners experience mortality from early leaf abscission (Pritchard and James 1984 , Potter 1985 , Stiling and Simberloff 1989 , Preszler and Price 1993 , Connor et al. 1994 , Auerbach et al. 1995 ; but see Kahn and Cornell 1989) . So, rather than resulting in lower mortality rates from dislodgment, leaf mining may actually lead to higher rates of mortality because of early leaf abscission.
Avoidance of plant defenses
Because leaf-mining insects tunnel inside leaves and feed on specific tissue layers, they may be able to avoid plant defenses, both structural and chemical, that occur on the exterior of the leaf or in tissue layers not encountered while feeding (Feeny 1970 , Cornell 1989 ). On the other hand, Mattson et al. (1988) suggest that insects intimately associated with their host plants, like leaf miners and gall formers, should encounter a greater array of chemical defenses and therefore suffer higher mortality and lower growth rates than less intimately associated external-feeding insects. If either of these hypotheses is true, then the feeding efficiencies of leaf miners in comparison to external-feeding folivores should be either; 1) higher if Feeny (1970) and Cornell's (1989) hypothesis is correct or 2) lower if Mattson et al.'s (1988) hypothesis is correct. Alternatively, the leaf mine could represent a feeding strategy to create an enclosed, concealed feeding cavity, that only secondarily functions to avoid plant defenses or layers of foliage tissue with low nutritional quality. Two kinds of evidence could be used to test the hypothesis that leaf mining is a means of avoiding plant defenses and acquiring the most nutritious tissue layers: 1) evidence that plant defenses are concentrated in tissue layers avoided by leaf miners, and 2) direct evidence that leaf-mining larvae have higher feeding efficiencies than do external feeders.
Structural plant defenses such as spines and trichomes are restricted to the plant surface (Levin 1973 , Rathcke and Poole 1975 , Stipanovic 1983 , Southwood 1986 , and endophagous insects such as leaf miners and leaf gallers would only encounter these defenses at oviposition and emergence. Therefore, endophagy may be an effective means of avoiding most of the detrimental effects of such structural defenses. However, Ezcurra et al. (1987) report that the abundance of leaf miners was lower on Arbutus xalapensis (Ericaceae) with dense foliar pubescence than on individuals with little pubescence which suggests that structural defenses may be a deterrent to oviposition in some species of leafmining insects.
A limited literature exists on the microdistribution of chemical defenses. This literature suggests that chemical defenses are concentrated in the cuticle and epidermis, although they are by no means restricted to these tissue layers (Akai 1959 , McKey 1974 , 1979 , Hermann 1976 , Cornell 1989 . Some studies of specific leaf miners demonstrate that they restrict their feeding to particular tissue layers. Mazanec (1983) has shown that the jarrah leaf miner, Perthida glyphoba (Lepidoptera: Incurvariidae), restricts its feeding to tissue layers with low concentrations of chemical defenses. Kimmerer and Potter (1987) have demonstrated that the holly leaf miner, Phytomyza ilicicola (Diptera: Agromyzidae), restricts its feeding to the palisade mesophyll where physical barriers to consumption such as fibers, vascular bundles, and calcium oxalate crystals are absent, but where the nutritional quality of the foliage is highest in terms of protein and moisture content and where defensive chemicals (saponins) are also in highest concentration. Kimmerer and Potter's (1987) study points out that selective feeding by leaf miners on specific tissue layers may involve a variety of factors including the nutritional quality of the tissue layers, as well as chemical and physical defenses. However, Faeth et al. (1981 b) report that only 1 of 18 species of leaf miners reported from oaks in north Florida avoid feeding in tannin-containing tissue layers.
Tischeria are only 0.4 mm in length and flattened, we estimated the mass gained as the total mass of the larva using a Cahn electro-balance, not correcting for larval mass at hatching. To the extent that we do not correct for the mass of larvae at hatching, this estimate represents a slight overestimate of the mass gained. However, the estimated larval mass may not include the entire mass of shed exuviae because larvae may consume shed exuviae, but eject shed head capsules from the leaf mine. This could lead to a slight underestimate of mass gained. To estimate the mass of leaf tissue consumed, we used a technique combining gravimetric and planimetric measurements similar to Schroeder (1984) . We carefully excised the leaf mine and measured its area with a LICOR LI-3000 leaf area meter and its mass on an electronic balance. We also excised a similar area of un-mined leaf tissue adjacent to each mine and measured its area and mass using the same technique. All measurements of mass were made using larvae and leaf tissue that had been dried for 24 h at 60°C. We calculated the mass consumed as follows: mass of un-mined leaf mass of leaf mine area of un-mined leaf -area of leaf mine x area of leaf mine.
To test the hypothesis that leaf mining is a strategy to avoid plant defenses or layers of foliage tissue with low nutritional quality, we attempted to obtain estimates of the feeding efficiency of leaf-mining insects and contrast these efficiencies with published estimates for external-feeding fohvores. We found no published estimates of feeding efficiencies for leaf-mining insects. Therefore, we measured the feeding efficiencies for three species of leaf-mining insects. We estimated the efficiency of conversion of ingested food (ECI, Waldbauer 1968 ) for three species of leaf miners that feed on Quercus alba: Tischeria quercitella, T. purinosella, and T. badiiella (Lepidoptera: Tischeriidae). These species were selected because of their availability and because the excrement of species in the genus Tischeria can be easily separated from the leaf mine. ECI is the ratio of mass gained to mass consumed and is usually expressed as a percentage. Since the eggs of We then calculated ECI as 100 x (mass gained/mass consumed). Most published estimates of feeding efficiencies for external-feeding folivorous Lepidoptera use late instar larvae. To obtain estimates comparable to published values, we used only leaf mines that were at least 1 cm 2 in area to eliminate early instar leaf miners. Although there are problems and biases involved in estimating feeding efficiencies using gravimetric procedures (Slansky 1985 , Bowers et al. 1991 , Barbehenn and Keddie 1992 , Raubenheimer and Simpson 1992 , our desire was to compare feeding efficiencies of leaf miners and external-feeding folivores estimated using similar methods.
The feeding efficiencies of the three species of Tischeria feeding on Quercus alba were twice that reported for Lepidoptera feeding externally on oak, and approximately 1.5 times that of tree feeding lepidopterous folivores in general (Fig. 5 and Table 2 ). Analysis of variance indicated that the feeding efficiencies of leaf miners were significantly higher than for either group of external-feeding Lepidoptera (F2,,4 = 5.29, p < 0.02). Because our sample of feeding efficiencies for leaf-mining Lepidoptera is smaller and from a taxonomically more homogenous set of species than our sample for external-feeding Lepidoptera, our conclusions remain tentative. However, our result is consistent with Feeny (1970) and Cornell's (1989) hypothesis that leaf miners are able to avoid plant defenses, but could also result from leaf miners feeding selectively on the most nutritious layers of foliage tissue. . Average feeding efficiencies (ECI) of leaf-mining Tischeria (Lepidoptera: Tischeriidae) on Quercus alba (n = 3 species) in comparison to those of external feeding Lepidoptera on oak (n = 6 species) and on other host tree genera (n = 11 species). Narrow vertical bars depict one standard error. Feeding efficiencies are significantly higher for leaf miners than for external-feeding insects.
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Other differences between leaf-mining and external-feeding folivores
Leaf-mining insects could be at a selective advantage o r disadvantage in comparison to external-feeding folivores because of aspects on their behavior, biology, or ecology that arise as secondary consequences of adopting the leaf-mining habit. For example, leaf miners are sedentary with larval development usually being restricted to a single leaf. As a result, leaf-mining larvae must cope with the competitive environment into which they are placed by the ovipositing female. Do leaf miners suffer more or less from inter-or intraspecific competition than do external-feeding folivores? Denno et al. (1995) suggest that external feeders experience less interspecific competition than do internal-feeding insects. However, the only study of leaf-mining insects chronicled in Denno et al.'s (1995) review indicated that among the five species of leaf-mining insects examined, none were reported to compete. Denno et al. (1995) also report that leaf-mining insects suffer more from inter-guild competition than do external feeding insects. Again, the data to support this contention are sparse. However, anecdotal evidence indicates that 3-8% of mortality among some species of leaf-mining insects is caused by leaf-mining larvae being inadvertently consumed by larger external-feeding lepidopterous larvae (Auerbach 1991, Connor and Beck 1993) . On the other hand, leaf-mining insects may suffer considerable mortality as a result of intraspecific competition (Auerbach et al. 1995) but an assessment of whether leaf miners suffer more from intraspecific competition than do external-feeding folivores has not yet been attempted. Body size is another trait that may differ between leaf-mining and external-feeding folivores. Most leaf miners are small as larvae and adults, with body lengths usually no greater than 6-8 mm. While the eggs of leaf miners can be very small (<0.2 mm), small body size may place limits on the fecundity of leaf-mining insects in comparison to larger external-feeding folivores. However, no assessment of differences in body size or fecundity between leaf-mining and external-feeding folivores has been attempted. Such a comparison would be most informative if restricted to closely related mining and external-feeding taxa.
Another difference between leaf-mining and externalfeeding folivores that emerged from the comparison of life tables described earlier was that egg mortality differed among feeding guilds (F3,35 = 3.98, p = 0.0153). Although few life table studies of leaf miners report data on egg mortality because eggs are often small and inconspicuous, leaf miners suffer less egg mortality than do external feeders (Fig. 6) . The higher egg mortality rates of external-feeding than leaf-mining insects may arise because external-feeding species lay eggs in clusters more often than do leaf miners.
The evolution of the leaf-mining habit
Approximately 10,000 described species of leaf miners occur in at least 51 families of holometabolous insects in the orders Coleoptera, Diptera, Lepidoptera, and Hymenoptera (Needham et al. 1928 , Hering 1951 , Richards and Davies 1977 , Bickel 1982 , Brown 1982 , Lawrence 1982 , Evans 1987 , Faeth 1991 , Hespenheide 1991 . The leaf-mining habit originated at least by the early Cretaceous (Labandeira et al. 1994) .
The leaf-mining habit is most widely distributed in the Lepidoptera occurring in 34 families (Needham et al. 1928 , Hering 1951 , Powell 1980 , Munroe 1982 , Stehr 1987 , Powell et al. 1997 ; following the classification in Nielsen (1989) ; Table 3 ). Leaf mining probably evolved only once in the Lepidoptera first appearing in the primitive Heterobathmiidae (Kristensen and Nielsen 1983) . The most primitive Lepidoptera, the Micropterigidae, were probably associated with moist forest habitats consuming spores and pollen of bryophytes and some angiosperms (Powell 1980 , Gibbs 1983 . Most non-Ditrysian families and many of the primitive Ditrysian families are exclusively leaf mining or at least primitively leaf mining (Powell et al. 1997) . Given the pattern of distribution of leaf mining within the Lepidoptera and the tendency toward external feeding in the derived Ditrysia and the macrolepidoptera, leaf mining should be considered a primitive trait within the Lepidoptera. The fact that the external-feeding macrolepidoptera are half again as species rich as the rest of the order, also suggests that the loss of leaf mining rather than its acquisition may represent an innovation leading to an adaptive radiation within the External feeding folivores on oak Grabstein and Scriber (1982) Warrington (1985) Lepidoptera. Powell et al. (1997) suggest that the limitations on size and risk of mortality from leaf abscission among leaf-mining Lepidoptera may have selected for external feeding, and resulted in several parallel transitions from primitively mining to derived external feeding lineages. Many of these transitions involved intermediate steps where larvae feed as miners in only one or two instars, and then feed externally either concealed in cases, or exposed on the leaf surface. In the Coleoptera, leaf mining occurs in six families (Needham et al. 1928 , Hering 1951 , Lawrence 1982 , Mitter et al. 1988 ; following the classification of the Coleoptera in Crowson (1981) and Kuschel (1995) ; Table 3 ), but is most extensively developed in the Chrysomelidae. Leaf mining evolved at least four times in the superfamilies Buprestoidea, Chrysomeloidea, Cucujoidea, and Curculionoidea. However, it is likely that OIKOS 79: I (1997) within these superfamilies leaf mining evolved more than once. In the Buprestoidea, Cucujoidea, and Curculionoidea, leaf mining appears to have evolved from ancestral groups that were concealed feeders in wood and under bark, or in seeds and fruits, respectively. However, in the Chrysomeloidea leaf mining arose from external leaf-feeding ancestors. In contrast to the Lepidoptera, leaf mining in the Coleoptera is a derived trait in each mining lineage. While the mining habit is most extensively developed in the chrysomelid subfamily Cassidinae within the tribe Hispini (slightly less than 3000 species), the non-mining putative sister group of the Hispini, the Cassidini are approximately equally species rich (Jolivet 1988) . This argues against an hypothesis of adaptive radiation upon acquisition of the leaf-mining habit by the Hispini. The phylogenetic relationships and species richness of mining lineages and their sister groups are not available for the remainder of the Coleoptera. However, the other mining groups are much less species rich than the Hispini.
In the Diptera, leaf mining occurs in nine families (Bickel 1982 , Foote 1991 ; following the classification of Steyskal (1974) ; Table 3 ) but is most extensively developed in the Agromyzidae and the Ephydridae. Leaf mining evolved at least six times in the Diptera, and also appears to be a derived trait (Spencer 1990) . Phytophagous external-feeding larvae are rare within the Diptera (Southwood 1973) . Leaf mining appears to have evolved from a variety of ancestral feeding habits including; internal root, stem and bark feeding (Agromyzidae), saprophagous (Tipulidae), and coprophagous (Scatophagidae) ancestors (Mitter et al. 1988) . The Agromyzidae are the largest predominantly leaf-mining lineage in the Diptera with approximately 2500 species. The Clusiidae (200 species) are usually considered the sister group of the Agromyzidae and feed under the bark of trees (Steyskal 1974 , Mitter et al. 1988 . However, in this comparison the evolution of the trait "leaf mining" is confounded with the acquisition of the trait "leaf feeding," and if one adopts Mitter et al.'s (1988) definition of phytophagy, which restricts phytophagy to feeding on live plant tissues, leaf mining is even confounded with the acquisition of the phytophagous habit. Since Mitter et al. (1988) have demonstrated that the acquisition of the phytophagous habit by insects represents an adaptive radiation, it is impossible to infer that the higher species richness of the Agromyzidae than in the Clusiidae supports the idea that leaf mining per se has led to an adaptive radiation.
Fewer than 100 described species of leaf-mining insects occur in the Hymenoptera all in the superfamily Tenthredinoidea (D. Smith, pers. comm.) . Leaf mining probably evolved six times in the Hymenoptera, and as
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Mixed Rollers Guild External Fig. 6 . Average egg mortalitv for folivorous insects in four feeding guilds. Sample sizes for each feeding guild are: leaf miners (n = 9), mixed feeders (n = 5), leaf rollers (n = 9), external feeders (n = 16). Narrow vertical bars depict one standard error.
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in the Dipterd and Coleoptera is a derived trait (Pschorn-Walcher and Altenhofer 1989) . Leaf mining arose from ancestral taxa that were external feeding folivores in the Hymenoptera, as they did in the Chrysomelidae (Coleoptera). The phylogeny and species richness of leaf-mining sawflies and their sister groups are better known than in any of the other orders with leaf-mining taxa (Smith 1971 (Smith , 1976a (Smith , b, 1979 (Smith , 1990 . A comparison of the species richness of those leaf-mining sawfly lineages with their hypothesized sister groups shows that leaf-mining lineages are always less species rich than their external-feeding sister groups (Table 4) . Furthermore, in the Acordulecerinae, Phylacteophaginae, and Sterictophorinae where the sister groups of the leaf-mining lineages have not been postulated, the mining lineages are comprised of no more than three species, so are unlikely to substantially exceed the species richness of their sister groups. If the acquisition of leaf mining represents an innovation that led to an adaptive radiation relative to feeding externally on leaves, then leaf-mining lineages should contain more species than their external-feeding sister groups, since sister groups are by definition the same age (Mitter et al. 1988 , Wiegmann et al. 1993 ). There are three lineages of leaf-mining Hymenoptera that have evolved from external-feeding ancestors for which sister groups have been hypothesized and for which we could obtain data on species richness (Smith 1971 (Smith , 1976a (Smith , b, 1979 (Smith , 1990 (Table 4) . Either data on species richness are not available, or the sister group relationships are unknown for other leaf-mining lineages that have evolved from external-feeding ancestors. Based on the available data, leaf mining does not represent an innovation that has led to an adaptive radiation in contrast to feeding externally on leaves. This result is consistent with the evidence available for the other four lineages of leaf miners that have evolved from external feeding ancestors. Because of their low species richness, the leaf-mining sawfly subfamilies Phylacteophaginae, Acordulecerinae, and Sterictophorinae cannot be substantially more species rich than any proposed sister group. Based on approximate species richness and the tentative assignment of the Cassidini as the sister group, the leaf-mining Hispini also are no more species rich than their sister group. In combination with the repeated loss of leaf mining from primitively mining lepidopteran lineages (Powell et al. 1997 ) and the significantly higher species richness of external-feeding than leaf-mining Lepidoptera, then the overall tendency is for the leaf-mining lineages to be less species rich than their external-feeding sister groups.
For those leaf-mining lineages that have evolved from non-phytophagous or non-folivorous ancestors, we can offer no conclusions regarding whether leaf mining is an innovation leading to an adaptive radiation, or an evolutionary dead end. This is partly because the phylogeny and species richness of these Superfamily Pterophoroided Pterophoridae l i n e a g e s a n d t h e i r s i s t e r g r o u p s h a v e n o t y e t b e e n these lineages. This is because as outlined earlier for the hypothesized and compiled. However, substantial anacomparison of the leaf-mining Agromyzidae and its lytical problems confront testing this hypothesis f o r sister group the Clusiidae, the acquisition of leaf mining * These taxa represent the hypothesized sister groups of the respective subfamilies with leaf-mining members, not the specific sister groups of the leaf-mining clades.
in these lineages is confounded with a more fundamental shift in food resources from the ancestral condition of either feeding on other plant tissues, concealed or exposed, or feeding as saprophages or coprophages. Therefore, application of the methods of Mitter et al. (1988) and Wiegmann et al. (1993) could not separate that component of diversification within lineages associated with the acquisition of leaf mining from that associated with the acquisition of the folivory. Perhaps a method to separate the effects of individual traits in comparisons involving coincident acquisition of multiple traits (e.g., phytophagy, folivory, and leaf mining) could be developed based on cross lineage comparisons of species richness in instances where traits are acquired individually and in groups. For example, the magnitude of the effect of acquiring phytophagy on species richness could be estimated for all lineages, and compared to that for lineages that became folivorous, endophagous, or leaf mining. If the species richness in lineages that have acquired phytophagy, folivory, and leaf mining is consistently greater than in lineages that have only acquired phytophagy and folivory, then one might conclude that the acquisition of leaf mining from non-phytophagous ancestors represents an innovation that led to an adaptive radiation.
Synthesis
We have documented several advantages that leaf-mining insects have relative to insects that feed externally on foliage. Leaf-mining insects escape from mortality or reductions in fecundity associated with diseases more 20 than do external-feeding insects. Few leaf-mining insects have been reported to have diseases, and those that do become infected outside the leaf mine. Leafmining insects also have much higher feeding efficiencies than do external-feeding insects which suggests that they are able to either avoid plant defenses or at least consume more nutritious parts of the leaf than do external-feeding insects. The leaf mine may protect the larvae from the harmful effects of UV radiation, both the direct and indirect effects mediated by photochemical changes in plant chemistry. The leaf mine buffers temperature in the microenvironment which may reduce water loss and prevent desiccation by providing an environment with reduced evaporative demand, or may allow periods of activity to extend into times of day or seasons which would not be possible if feeding on the leaf exterior. Each of these advantages may contribute to the maintenance of leaf mining as a viable means of feeding upon foliage, and also may have played some role in the origin of the leaf-mining habit (Frumhoff and Reeve 1994) . However, given the multiple evolutionary routes to leaf mining from ancestral taxa that feed as saprophages, coprophages, or concealed or exposed phytophages on leaves or other plant parts, there is likely to be no single cause for the origin of leaf mining.
On the other hand, we have also documented several disadvantages to the leaf-mining habit. The loss of mobility in the larval stage associated with leaf mining makes it more difficult to escape from parasites and has resulted in leaf-mining insects having the most species of associated parasitoids of any insect feeding guild, and to leaf miners suffering higher mortality rates from parasites than external-feeding folivores. Mortality associated with the premature abscission of leaves also appears to be more frequent among leaf miners than is mortality associated with dislodgment among external feeding insects. Finally, leaf-mining insects also have small body sizes and hence probably lower fecundity than external-feeding folivores because of the constraints imposed by feeding within leaves.
We also document lower egg mortality rates among leaf-mining than external-feeding folivores which cannot be construed as a direct consequence of the leaf mine per se. Other differences between leaf-mining and external-feeding taxa not associated with the function of the leaf mine per se may also provide advantages or disadvantages to leaf miners. To the extent that these differences remain unknown and unaccounted, we risk misinterpreting the adaptive significance of the leafmining habit.
Our results parallel those reported by Price et al. (1987) in examining the adaptive nature of insect galls. Price et al. (1987) conclude that insect galls protect their occupants from desiccation and provide superior nutrition resulting in higher feeding efficiencies. Price and Pschorn-Walcher (1988) also suggest that galling nematine sawflies have lower mortality rates from parasitoids than external feeding relatives. While these authors do not report any disadvantages to the galling habit, Williams and Whitham (1986) report that galling aphids do suffer considerable mortality from early leaf abscission, and evidence collected by Lasota et al. (1983 ) Taper et al. (1986 , Taper and Case (1987) , Sitch et al. (1988) Butin (1992) , Fernandes and Price (1992) Wilson and Carroll (1994) and Wilson (1995) suggest that gall-forming insects might be particularly susceptible to the effects of fungal endophytes.
The leaf-mining habit is ancient, yet continues to be acquired and lost by several lineages of phytophagous insects. Given its persistence, one could argue that leaf mining is under certain circumstances a feasible lifestyle for the consumption of foliage. However, the fact that leaf-mining lineages are less species rich than their external-feeding sister groups argues that, from an evolutionary perspective, the disadvantages of leaf mining outweigh the advantages.
Leaf mining, or more generally concealed feeding, may represent the most feasible means of surmounting the barriers to consuming foliage for lineages that are primitively concealed feeders on other plant parts, or are saprophagous or coprophagous. By using its host plant to provide both food and shelter, the leaf-mining insect overcomes the hurdles of desiccation and attachment more easily than external-feeding folivores which may require more complex morphological, physiological, and behavioral adaptations to surmount these hurdles (Southwood 1973) . However, the initial advantages of leaf mining apparently can become liabilities. Price et al. (1987) and Price and Roininen (1993) have used the terms "adaptive" and "adaptive radiation" to apply to the habit of forming galls. While there certainly exists a variety of gall morphologies and the ability of gall-forming insects to modify plant growth is uniquely characteristic of gall formers among insects, it remains unclear whether or not this is sufficient reason to conclude that such an innovation has led to an adaptive radiation as defined by Mitter et al. (1988) . No analysis of the phylogeny and species richness of gallforming lineages and their sister groups has yet been performed, although gall forming is certainly a derived trait in the Tenthredinidae (P. W. Price pers. comm.). However, a broader analysis of whether endophagy has led to an adaptive radiation which included some gallforming lineages concluded that the evolution of endophagous feeding habits does not lead to adaptive radiations (C. Mitter pers. comm.).
Perhaps first a determination of the innovations that allow insects to consume foliage must be made rather than narrowly focusing the question upon particular concealed feeding modes such as leaf mining or gall forming. The evolutionary leap of insects to feed upon leaves per se may represent an innovation and an adaptive radiation. The status of concealed versus exposed feeding modes as further innovations leading to adaptive radiations or as liabilities and evolutionary dead ends might then be more clearly addressed.
